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The influence of oxygen content on the magnetization and electrical resistivity of Ln0.5A0.5MnO3
(Ln = La, Pr, Nd; A = Ca, Ba ) manganites with the perovskite structure is investigated. It is shown that
the La
0.5
Ca
0.5
MnO
3−γ compound undergoes a sequence of transitions from an antiferromagnetic (γ = 0) to
a spin-glass (γ = 0.17) state and then to an inhomogeneous ferromagnetic (γ = 0.3) state. A transition
from an antiferromagnetic charge-ordered state to a ferromagnetic charge-disordered state in Nd0.5Ca0.5MnO3−γ
is observed as the oxygen content is reduced to where γ = 0.07. The Nd0.5Ba0.5MnO3−γ compound shows
an increase of the Curie point from 110 K (γ = 0) up to 310 K (γ = 0.3). In addition, a large
magnetoresistance is revealed which develops below their Curie temperature despite the absence of
Mn3+–Mn4+ pairs. A Zener double-exchange interaction is usually used in literature to explain the
magnetic and electrical properties of hole-doped perovskite manganites. The data obtained support the
mechanism of superexchange interactions between magnetic moments of the manganese ions via oxygen.
   PACS: 75.30.Vn, 75.30.Cr
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1. Introduction
The manganites Ln1−xAxMnO3 (Ln = La, Nd, Pr
etc., A = Ca, Sr, Ba etc.) with the perovskite
structure are representative of the material class
known to show an interesting interplay between
magnetic, orbital, and charge ordering as well as
electrical transport [1–3]. These compounds were
already known at the very early stage of the ex-
perimental [4] and theoretical [5] study on transi-
tion metal oxides. However, their «renaissance» has
been sparked by the discovery of the magnetic-field-
induced insulator–metal [6,7] and charge order–
disorder [8] transitions.
The issue of charge ordering in perovskite man-
ganites has attracted a considerable attention dur-
ing the last few years after discovery of the so-
called «colossal» magnetoresistance (CMR) effect
[8]. There are different CMR effects in manganites.
One of them arises near TC in ferromagnetic
samples and is associated with an insulator-metal
transition, another is due to a «melting» of the
charge-ordered state in an external magnetic field
and is associated with a charge order–disorder tran-
sition [9,10]. The charge ordering phenomenon was
studied for the first time in La0.5Ca0.5MnO3 by
Wollan and Koehler [11] and Goodenough [12].
La0.5Ca0.5MnO3 is a paramagnetic semiconduc-
tor above TC ≈ 225 K and transforms to a charge-
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ordered antiferromagnetic semiconductor (TN ≈ 180 K)
phase (CE type) through an incommensurate fer-
romagnetic semiconductor phase. It is notable that
this compound has antiferromagnet–ferromagnet
and charge order–disorder transitions at the same
temperature (TN = Tco). Nd0.5Ca0.5MnO3 is para-
magnetic semiconductor above the corresponding
Ne′el temperature (TN ≈ 180 K) and transforms
directly to the charge-ordered antiferromagnetic
semiconductor phase (CE type) through a charge-
ordered paramagnetic semiconductor phase (Tco ≈
≈ 260 K). The critical temperature Tco of the charge
ordering is well above the magnetic ordering tem-
perature TN , and the two transitions are clearly
decoupled [13]. Neither of the above-mentioned
compositions displays an insulator–metal transition.
They are semiconductors in the whole temperature
range.
The Ln0.5Ba0.5MnO3 perovskites are much less
studied. However, it is well known that they do not
exhibit antiferromagnet–ferromagnet and charge
order–disorder transitions. It was found that
La0.5Ba0.5MnO3 is a ferromagnet with TC ≈ 340 K
[14]. The Pr0.5Ba0.5MnO3 and Nd0.5Ba0.5MnO3
have Curie points of 125 K [15] and 120 K [16],
respectively. These compositions have an insulator–
metal transition near TC and a magnetoresistance
peak slightly below TC .
In order to explain the appearance of the ferro-
magnetism in hole-doped perovskites and connec-
tion between the antiferromagnet–ferromagnet and
insulator–metal transitions, Zener has introduced a
special form of the exchange interactions via car-
riers — double exchange (DE) [17]. De Gennes
developed this theory and predicted that a noncoli-
near magnetic structure forms at intermediate con-
centrations between the antiferromagnetic and fer-
romagnetic states [18].
It has been established that the magnetic and
electrical transport properties of the manganites
depend markedly on oxygen content. Both the
Curie point and magnetization decrease, whereas
the resistivity increases with increasing oxygen de-
ficit [19]. Nevertheless, the influence of oxygen
content on the insulator–metal and charge order–
disorder transitions is not well studied to date.
In view of what we have said, in this paper we
report the results of an investigation of the effect of
oxygen content on the magnetization and magne-
toresistance properties of Ln0.5A0.5MnO3−γ (Ln =
= La, Nd, Pr; A = Ca, Ba). The measurements
reveal many interesting features. As we will see, the
data obtained could be used to support the superex-
change interaction scenario of ferromagnetic orde-
ring in manganites, in contrast to DE theory.
2. Experiment
The Ln0.5A0.5MnO3 (Ln = La, Nd, Pr; A = Ca,
Ba) compounds were prepared by standard solid-
state reaction from powders of Ln2O3 , ACO3 , and
Mn2O3 taken in designed ratios. After prefiring at
727 °C the mixtures were pressed in the form of
discs and sintered at T = 1550 °C for 2 h in air.
After synthesis the samples were annealed at 900 °C
for 100 h in air and slowly cooled at a rate of
100 °C⋅h−1 to room temperature in order to obtain
the oxygen stoichiometric compounds. The synthe-
sized samples were checked for phase purity and
lattice parameters by powder x-ray diffraction
(XRD) with a DRON-3 diffractometer in CoKα
radiation. The XRD patterns were collected in the
angle range of 20° ≤ 2θ ≤ 80°. The oxygen content
of sintered samples was determined by a thermogra-
vimetric analysis. These investigations showed that
the oxygen content is stoichiometric. The as-pre-
pared samples were reduced using different me-
thods. The Ca series of samples were treated in
evacuated silica tubes at T = 850°C for during 2 h
using metallic tantalum as a getter. The reduction
for the Ba series was made in flowing argon under
a carbon crucible at 880°C for 30 h. These reduction
reactions can be described by the relation
Ln1−xCaxMnO3 + (2γ/5) Ta → 
→ Ln1−xCaxMnO3−γ + (γ/5) Ta2O5 . (1)
The following values of oxygen deficit were
obtained: 0 ≤ γ ≤ 0.5 for the La0.5Ca0.5MnO3−γ ,
and 0 ≤ γ ≤ 0.2 for Nd0.5Ca0.5MnO3−γ samples. The
oxygen deficit of the reduced samples was calcu-
lated from the change of weight of the samples
during reduction. We did not observe any appreci-
able changes in the weight of Pr0.5Ba0.5MnO3 and
Nb0.5Ba0.5MnO3 samples during reduction. The re-
lative error of the oxygen content measurements
does not exceed 1%. Therefore, the chemical for-
mula of the reduced samples may be written as a
Ln1−xAxMnO3−γ±0.02 .
The magnetization measurements were made
using an OI-3001 vibrating-sample magnetometer in
the temperature range 4–350 K. The electrical resis-
tivity measurements were performed by a standard
four-probe method using ultrasonically deposited
indium contacts. The magnetoresistance was calcu-
lated according to the relation
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MR = 

ρ(H) − ρ(H = 0)
ρ(H = 0)

 ⋅100 % , (2)
where MR is the magnetoresistance, ρ(H) is the
resistivity in a magnetic field of 9 kOe, and ρ(H = 0)
is the resistivity in the absence of magnetic field.
3. Results and discussion
The XRD patterns of the samples show them to
be nominally single-phase with the perovskite struc-
ture. The unit cell parameters are listed in the
Table. The symmetry of the unit cell for the
Ln1−xBaxMnO3−γ samples is cubic. The Ln1−xCaxMnO3−γ
samples exhibit the small so-called O-orthorombic
distortions (a < c √2 < b) [20] which are due to
the mismatch between the ionic sizes of different
ions. Generally speaking, the majority of the hole-
doped perovskite manganites show lattice distor-
tions as modifications from the cubic structure. One
of the distortions is the deformation of the MnO6
octahedron arising from the Jahn–Teller effect,
which is peculiar to the high-spin (S = 2) Mn3+
ions. Another comes from the size effect because of
the mismatch between the sizes of ions and the
interstices occupied by them in the perovskite lat-
tice. In this case the MnO6 octahedron is rotated
around the cubic axes, lowering the lattice sym-
metry from the cubic. The rotation around the [100]
axis corresponds to tetragonal distortions, around
[110] — to orthorhombic and [111] — to rhom-
bohedral ones. In the samples with doping ion
content above x ≥ 0.1 the static Jahn–Teller distor-
tions are eliminated and the crystal structure distor-
tions are determined by the size effect, which is
observed in our case. The magnitude of these distor-
tions increases with increasing deviation from
oxygen stoichiometry. The volume of the unit cell
for reduced samples is greater than that for oxidized
ones. The volume change arises from the removal of
the oxygen ions and the conversion Mn4+ to Mn3+.
It seems reasonable to propose that the increase of
the volume is due to the conversion of the small
Mn4+ ions to the relatively large Mn3+ ones. The
effective ionic radii of Mn3+ and Mn4+ in octahedral
oxygen coordination are 0.390 Å and 0.830 Å,
respectively [21].
The M(T) curves for the La0.5Ca0.5MnO3−γ
samples in a magnetic field of 11 kOe are displayed
in Fig. 1. On warming the stoichiometric compound
exhibits an enhancement and a drop of the magneti-
zation at 160 and 260 K, respectively. In agreement
with published data, the anomalous behavior
around 160 K is associated with an antiferromag-
net–ferromagnet transition, whereas at 260 K there
is the Curie point. The magnetic behavior of the phase
with γ = 0.17 is incompatible with ferromagnetic
behavior because its magnetic moment (µ ≈ 0.33
µB/f.u. at 6 K) is much less than that expected for
ferromagnetic ordering of all the Mn-ion magnetic
moments. The value of the magnetic moment per
(Mn0.84
3+ Mn0.16
4+ ) unit calculated from a pure ionic
model is 3.8 µB/f.u. (µ(Mn3+) ≈ 4 µB and µ(Mn4+) ≈
≈ 3 µB). Both a small magnetic moment and broad
transition to the magnetically disordered state are
consistent with an inhomogeneous magnetic state.
Table
Symmetry (O — O-orthorombic, C — cubic ), the unit cell
parameters a, b, c and the volume V of the Ln
0.5
A
0.5
MnO
3−γ
(Ln = La, Pr, Nd; A = Ca, Ba) manganites with different oxygen
content
Composition
Symme
try
a, A° b, A° c, A° V, A° 3
La
0.5
Ca
0.5
MnO
3
O 5.397 5.442 7.659 224.95
La
0.5
Ca
0.5
MnO
2.83
O 5.412 5.467 7.675 227.08
La
0.5
Ca
0.5
MnO
2.7
O 5.425 5.484 7.688 228.72
Nd
0.5
Ca
0.5
MnO
3
O 5.375 5.421 7.635 222.47
Nd
0.5
Ca
0.5
MnO
2.93
O 5.382 5.433 7.641 223.43
Pr
0.5
Ba
0.5
MnO
3
C 3.900 59.30
Pr
0.5
Ba
0.5
MnO
3−γ C 3.889 58.80
Nd
0.5
Ba
0.5
MnO
3
C 3.891 58.92
Nd
0.5
Ba
0.5
MnO
3−γ C 3.892 58.97
Fig. 1. Magnetization of the La0.5Ca0.5MnO3−γ (γ = 0, 0.17,
0.3) samples in a magnetic field of 11 kOe as a function of tem-
perature.
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Such behavior of magnetization is typical for the
spin glasses, where magnetic clusters of magnetic
moments are gradually blocked with decreasing
temperature. The surprise is that the magnetization
increases strongly when the content of oxygen va-
cancies becomes equal 0.3, i.e., almost all the man-
ganese ions adopt the tri-valent state. However, the
magnetic moment at 6 K is only 1.5 µB per man-
ganese ion, whereas for the ferromagnetically or-
dered phase the expected value is 4.1 µB/f.u.
The ferromagnetism in the manganites is usually
explained in terms of the DE interaction with the
transfer of an electron from the Mn3+ to the Mn4+
ions [17]. However, in the framework of this model
it is impossible to understand the ferromagnetic
properties of the manganites not containing Mn4+
ions [20,22–23]. Goodenough [20] has adduced ar-
guments for the ferromagnetism in the manganites
to be due not only to double exchange but also to
the specific character of the exchange interactions
in the Jahn–Teller Mn3+ ion system. He has pro-
posed that the orbital configuration of the 3d elec-
trons while removing the static Jahn–Teller distor-
tions is determined by the position of the ions’
nuclei. In this case the dynamic enhancement of the
ferromagnetic part of exchange interactions at the
expense of correlation in the orbital orientation of
neighboring ions must occur (Goodenough’s quasi-
static hypothesis). According to the superexchange
mechanism an exchange between Mn3+ and Mn4+
depends on a number of factors: Mn–O bond dis-
tance, Mn–O–Mn bond angle [23], Mn3+–Mn4+ ratio
(the nearer it is to 1, the more intensive the ex-
change), etc. It is known that Mn4+–O–Mn4+ inter-
actions are always antiferromagnetic while
Mn3+–O–Mn3+ interactions in octahedral coordina-
tion are magnetically anisotropic in the orbital
ordered phase (ferromagnetic in one direction and
antiferromagnetic in others) and isotropic in the
orbital disordered phase (ferromagnetic) [20]. It is
also known that sign of superexchange interactions
Mn3+–O–Mn3+ depends on the anion environment.
In the case of fivefold coordination these interac-
tions became antiferromagnetic [24]. Taking all this
into account led us to be guided by the superex-
change interaction mechanism for as complete as
possible a description of the magnetization and
resistivity properties of the perovskite manganites.
At the oxygen vacancy concentration γ = 0.17 in
the La0.5Ca0.5MnO3−γ samples the antiferromag-
netic exchange interactions dominate due to the
strong negative Mn3+ (6-fold coordination) –O–Mn3+
(5-fold coordination) superexchange interaction.
The magnetization data for the strongly reduced
sample (γ = 0.3) led us to propose that the oxygen
vacancies are distributed nonrandomly over the
crystal lattice, making up an oxygen-vacancy super-
structure. This is very likely because it is estab-
lished from the selected area electron diffraction
measurements [25] that the difference between
La0.5Ca0.5MnO3 and La0.5Ca0.5MnO2.75 structures
is that the size of the microdomains is much smaller
in the latter compound. It is therefore proposed that
the anion defects in the La0.5Ca0.5MnO2.75 struc-
ture seem to be accommodated in the form of
clusters in the domain walls. This is reasonable
because with the domain size decreasing as the
concentration of the oxygen vacancies increases, the
domain surface diminishes more slowly than the
domain volume. In the oxygen-vacancy superstruc-
ture case the positive superexchange interactions
Mn3+ (6-fold coordination) –O–Mn3+ (6-fold coor-
dination) in the La0.5Ca0.5MnO2.7 may be domi-
nant, thus leading to ferromagnetic properties.
In Fig. 2 the data from the magnetization meas-
urements are shown versus temperature in a mag-
netic field of 14.8 kOe for Nd0.5Ca0.5MnO3−γ with
γ = 0 and 0.07. The stoichiometric sample exhibits a
magnetization peak at T = 260 K. From published
data it is known this peak is due to charge ordering.
This sample does not go to a ferromagnetic state on
cooling. It becomes a charge-ordered antiferromagnet
directly, even though the 1:1 ratio of Mn3+/Mn4+
ions is one of the favorable conditions for DE
interactions. The sample with γ = 0.07 exhibits a
sharp enhancement of the magnetization at 105 K.
The magnetic moment µ ≈ 2.1 µB/f.u. at 10 K is
less than expected value 3.2 µB/f.u. This magnetic
anomaly can be understood from the discussion
below. The appearance of the Mn3+ excess leads to
Fig. 2. Magnetization curves versus temperature for the
Nd0.5Ca0.5MnO3−γ samples with γ = 0 and 0.07 in a magnetic
field of 14.8 kOe.
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reinforcement of the ferromagnetic superexchange
interactions because of the breaking of the Mn3+/Mn4+
location symmetry and consequently of the charge
ordering. However, the homogeneous ferromagnetic
state is not realized, because of the strong negative
Mn3+ (6-fold coordination) –O–Mn3+ (5-fold coor-
dination) superexchange interactions present. This
sample consists of a ferromagnetic medium and
antiferromagnetic clusters with short-range order of
the magnetic moments. It is appropriate to recall
that the substitution of Fe, Ti, Al, Co and Ni for a
fraction of the Mn ions also leads to the destruction
of the charge ordering; nevertheless, the ferromag-
netic state is not realized without an external mag-
netic field [26].
The stoichiometric Pr0.5Ba0.5MnO3 and
Nd0.5Ba0.5MnO3 samples are characterized by TC =
= 160 K, µ ≈ 2.6 µB/Mn at 5 K and TC = 110 K,
µ ≈ 2.2 µB/Mn at 5 K, respectively (Fig. 3). Sur-
prisingly, the Curie points are much lower than that
of La0.5Ba0.5MnO3 (TC = 340 K) [14]. The rela-
tively low magnetic moment may be attributed to a
canted magnetic state or to a mixture of two mag-
netic phases. In the last case some part of the
sample would be ferromagnetic whereas another
would be antiferromagnetic. It is impossible to
distinguish these situations on the basis of the
magnetization data only. However, neutron mag-
netic resonance experiments for hole-doped manga-
nites with low dopant level have been interpreted in
terms of a mixed magnetic state [27]. Neutron
diffraction [11] and high-resolution electron micro-
scopy [28] results also support this point of view.
We can therefore assume that the stoichiometric
samples are magnetically inhomogeneous and con-
tain some antiferromagnetic domains. In addition,
the boundary of the concentration ferromagnet–
antiferromagnet transition in Ln1−xBaxMnO3 is
very close to x = 0.5 [16].
Curiously enough, the reduced Pr0.5Ba0.5MnO3−γ
and Nd0.5Ba0.5MnO3−γ samples are magnetically
ordered up to 310 K (Fig. 4). Thus the Curie point
for these compounds has increased by about three
times after reduction. These data are very interes-
ting because reduced perovskite manganites have
never displayed an increase of the magnetic ordering
temperature to date. These reduced samples are also
inhomogeneous, since they have µ ≈ 40.4 emu/g
at 5 K and µ ≈ 48.6 emu/g at 27 K for
Pr0.5Ba0.5MnO3−γ and Nd0.5Ba0.5MnO3−γ , respec-
tively, which are smaller than for the parallel orien-
tation of the magnetic moments (µ ≈ 4 µB/Mn and
µ ≈ 4.1 µB/Mn). The data obtained lead us to
propose that either the oxygen coordination of the
manganese ion majority is close to six in the re-
duced samples or the exchange between Mn3+
(6-fold coordination) and Mn3+ (5-fold coordina-
tion) may be positive. It is very likely the first
possibility is realized as a result of the oxygen
vacancies ordering. In support of this we can recall
the new ordered oxygen-deficient perovskite
LaBaMn2O5.5 , which has been synthesized using
the topotactic deoxygenation of the ordered
LaBaMn2O6 perovskite [29]. However, we have not
any direct demonstration of the fact of oxygen
ordering in our compound. It is necessary to under-
take a structural study to verify the eventual crystal
structure peculiarities of these reduced samples.
Pr0.5Ba0.5MnO3−γ shows a high resistivity ρ in
comparison with the oxidized sample (Fig. 5,a). It
Fig. 3. Field-cooling magnetization versus temperature in a
magnetic field of 100 Oe for the stoichiometric Pr0.5Ba0.5MnO3
and Nd0.5Ba0.5MnO3 samples. The inset shows the field depend-
ences of the same compounds at 5 K.
Fig. 4. Field-cooling magnetization versus temperature in mag-
netic field of 100 Oe for the reduced Pr0.5Ba0.5MnO3−γ and
Nd0.5Ba0.5MnO3−γ samples. The inset shows the field depend-
ences of the same compounds at 5 and 27 K, respectively.
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is known Pr0.5Ba0.5MnO3 has a resistivity of about
10 Ω⋅cm, a metal–insulator transition at 125 K, and
a peak of magnetoresistance reaching 47% at 120 K
[15]. The value of resistivity in the so-called metal-
lic state (at low temperature) is considerably higher
than Mott’s value of the maximal metallic resis-
tivity. The peak of the magnetoresistivity being
slightly below their Curie temperature is very typi-
cal for the hole-doped manganites. The resisitivity
of the reduced Pr0.5Ba0.5MnO3−γ is about 10
5 Ω⋅cm,
without any transitions down to liquid nitrogen
temperatures. The reduced sample remains an insu-
lator in the whole region 77–350 K. Its magnetore-
sistance hasn’t any peak and starts to develop at
200 K. There is no appreciable magnetoresistance
effect for the high-temperature ferromagnetic phase.
Around liquid nitrogen temperature the magnetore-
sistance reaches 33% in a field of 9 kOe. In Fig. 5,b
the resistivity and magnetoresistance are shown for
Nd0.5Ba0.5MnO3−γ compound. The resistivity is
about 100 Ω⋅cm. The metal–insulator transition
temperature is 180 K. The magnetoresistance of this
sample has no peak and reaches 14% at 80 K. The
magnetoresistance values of the reduced samples are
comparable with those for the best samples of the
Sr2(FeMo)O6 system [30]. The resistivity of these
reduced samples can be understood assuming that it
is determined by the ratio Mn3+/Mn4+ and that
oxygen bridges are present through which the elec-
tron hopping is realized. Hence decreasing this ratio
and the oxygen content leads to an increase of the
resistivity. The resistivity of the stoichiometric
Nd0.5Ba0.5MnO3 is larger than for Pr0.5Ba0.5MnO3
[16]. In the case of the presence of Mn2+ the
number of oxygen vacancies is too large, but we
suppose that the low resistivity of the reduced
Nd0.5Ba0.5MnO3−γ with respect to Pr0.5Ba0.5MnO3−γ
can result from the more inhomogeneous distribu-
tion of the oxygen vacancies over the sample volu-
me. This possibility is also confirmed by the lower
magnetic moment value for Pr0.5Ba0.5MnO3−γ than
for Nd0.5Ba0.5MnO3−γ , although before the reduc-
tion it was otherwise (Figs. 3 and 4).
The above-described measurements have brought
out many interesting features which cannot be ex-
plained by DE theory. The data obtained could be
used to support the superexchange interaction me-
chanism of manganese magnetic moments in manga-
nites, in contrast to DE theory. In order to under-
stand the magnetization and electrical resistivity
properties of the reduced samples we have assumed
a nonrandom distribution of the oxygen vacancies in
the crystal lattice. Certainly, further crystal and
magnetic structure refinements are needed, includ-
ing by the powder neutron diffraction and high,
resolution electronic microscopy methods, for a bet-
ter-understanding of the properties of the reduced
perovskite manganites.
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